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Abstract 
We investigate the angular distribution of scission particles taking account of the effects of fission fragments. The time evolution 
of the wave function of the scission particle is obtained by integrating the time-dependent Schrödinger equation. The effects of 
the fission fragments are taken into account by means of the optical potentials. The angular distribution is strongly modified by 
the presence of the fragments. The attractive nuclear potential enhances the yield along the fragment axis for both neutrons and 
protons. For scission protons, the focusing effect due to the repulsive Coulomb field of the fragments is demonstrated. In the case 
of asymmetric fission, it is found that the heavy fragment has stronger effects.  
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the European Commission, Joint Research Centre – Institute for Reference Materials and 
Measurements. 
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1. Introduction 
In studying the dynamics of nuclear fission, the knowledge on how scission occurs is very important. The kinetic 
energy of the fragments strongly depends on the scission configuration because it is essentially determined by the 
Coulomb repulsion between the fragments. The mass/charge distribution of the fragments also depends on the way 
how the neck breaks. Because of the large collective mass and the strong dissipation, the fission is normally 
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supposed to be a slow process. After passing the saddle point, the nucleus develops its shape toward scission. At the 
moment of scission, the neck that has connected the two fission fragments ruptures. This neck rupture can be very 
quick because the number of nucleons involved in the neck region is relatively small. After the scission, the neck 
disappears being absorbed by the fragments leaving some nucleons behind in the neck region and these nucleons are 
observed as particle emission. The number of scission particles carries the information on the scission process. There 
are two main components of the particles which are emitted in coincidence with fission; one component is the 
scission particles and the other one is the post-scission particles that are emitted from accelerated fragments. 
Attempts have been made to separate the yield of scission neutrons in low energy fission (Franklyn, 1978, Kornilov, 
2001), they reported that 10-20% of the total neutron yield could be scission neutrons. It is also attempted to estimate 
the number of scission neutrons theoretically (Carjan, 2007, Carjan, 2010). The results depend on the nuclear shape 
such as the neck radius before scission. If we extract the reliable number of scission neutrons from experiments, we 
can get information on the nuclear shape at the time of scission.  
In measuring the scission particles (neutrons or protons) experimentally, the information on their angular 
distribution is essential. The scission particles are emitted from the neck region and the emission is normally 
supposed to be isotropic in the rest frame of the mother nucleus in the lowest order approximation. However, since 
they are emitted in the close vicinity of the fission fragments, the final angular distribution of the scission particles is 
disturbed with the re-absorption and scattering by the fragments. At Theory-2 workshop, we proposed a framework 
to calculate the angular distribution of scission particles by solving a time-dependent Schrödinger equation (Wada, 
2013). It was shown that the angular distribution of the scission neutron is strongly modified by the presence of the 
fragments, namely, the attractive nuclear potential enhances the yields around 0 and 180 degrees, while the 
absorptive potential diminishes them. However, the calculation was limited to the symmetric fission and only 
scission neutrons were considered. In this paper, we present new results on the asymmetric fission and on the 
scission protons. When we consider the emission of charged particles, it is necessary to take account of the effects of 
the Coulomb field of the fragments. We expect that the repulsive Coulomb field brings a focusing effect on the 
emitted particles toward the perpendicular direction to the fragment axis. In the next section, the formulation to 
calculate the angular distribution of the scission particles is revisited. Results are presented for the case of an 
asymmetric fission of 236U, comparing them with the case of the symmetric fission. Comparison of the results of the 
neutrons and protons is given. The focusing of a charged particle due to the Coulomb field of the fission fragments is 
examined. The effect of the Coulomb field is compared with that of the nuclear interaction. Finally, a summary is 
given. 
2. Framework 
We start with a time-dependent Schrödinger equation (TDSE),  
(1) 
where ψ denotes the wave function of the emitted particle, H is the Hamiltonian, and U is the potential that 
represents the effect of the fission fragments. The time development is obtained with the use of the mid-point 
integration,   
(2) 
By decomposing ψ into the real and the imaginary part, ψ = R + iI, the numerical solution is obtained using the 
following formula (the leapfrog method),  
(3) 
Some modification is necessary when we introduce an imaginary potential in H,  
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(4) 
where H is given as H = HR + iW. The optical potential U is parameterized in Woods-Saxon form centered at the 
position of the fragments,  
(5) 
where Bi is the distance between the emission point and the i-th fragment, a is the diffuseness, and rFi is the radius of 
the potential of the i-th fragment. When we consider a fission with the mass number of the fission fragments A1 and 
A2, the radius of the i-th fragment rFi is given as r0Ai1/3. For the case of the emission of charged particles such as 
protons, we take account of a Coulomb field of the fragments assuming the uniform charge distribution inside the 
fragments,   
(6) 
where ze is the charge of the emitted particle and Zi denotes the atomic number of the i-th fragment.  
Assuming the axial symmetry, we solve the TDSE in two-dimensional grid space (ρ, z). The original emission of 
the scission neutrons is assumed to be isotropic, and we adopt a Gaussian wave packet for the initial wave function, 
ψ(t=0) = C exp(−α(ρ2 + z2)), where C is a normalization constant and α is the width of the wave packet. We now set 
a sphere of radius R and calculate the particle flux on this spherical surface,  
(7) 
We then calculate the number of outgoing particles per unit solid angle per unit time and integrate it with time to 
obtain the angular distribution of the emitted particles, i.e., the number of particles per unit solid angle that passed 
the surface up to time t,  
(8) 
In order to avoid unphysical reflections of the wave function at the artificial border of the grid, we put a weak 
absorbing potential outside of the sphere of radius R. We take a quadratic form for the absorbing potential. The 
strength is determined to minimize the effect of the reflection.  
3. Results 
We investigate the fission of 236U that corresponds to the neutron induced fission of 235U as an example. An 
important parameter in the calculation is the initial separation between the fragments. From a systematic study of the 
average total kinetic energy (TKE) of the fragments, Zhao et al. (Zhao, 2000) deduced the elongation parameter β
which is the ratio between the average distance between the fragments to the contact distance r0(A11/3 + A21/3), where 
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r0 = 1.17 fm. The average distance between the fragments was determined so that the corresponding point charge 
Coulomb energy is equal to the average TKE. They obtained β = 1.53 for the asymmetric fission in U region. In the 
calculation, we set the parameter B as B = βr0(A11/3 + A21/3) = B1 + B2. The distance between the grid points is 
typically 0.1 fm in both z- and ρ-directions. The time step for the integration is typically Δt = 0.02 fm/c. The radius 
R is set to 50 fm and the integration is performed up to t = 4x10−21s.  
 Figure 1 shows the calculated angular distribution of scission neutrons for the case of asymmetric fission. The 
mass number of the heavy fragment is assumed to be A1 = 140. The strength of the real potential is set to be V0 = 
−40 MeV. The solid curve denotes the result with W0 = 0 (no absorption) case and the dashed curve denotes the one 
with W0 = −1 MeV. The angular distribution for symmetric fission is also shown for comparison for W0 = 0 case 
with a dot-dashed curve. The width of the initial wave packet is determined to give the average energy of neutron 
<ε> = 1.5 MeV. In calculating the time development, we take account of the motion of the fragments due to the 
Coulomb repulsion between the fragments. The pre-scission kinetic energy of 10 MeV is assumed for the initial 
velocity. The fragments lie along z-axis, namely at 0 and 180 degrees. In the case of asymmetric fission, the 
fragments are placed so that the heavy fragment lies at 0 degree and the light one lies at 180 degrees. One can see 
from Fig. 1 that a strong enhancement is observed around 0 and 180 degrees due to the attractive nuclear interaction 
and that more neutrons are observed on the side of the heavy fragment. This is in contrast with the work by Rizea et 
al. (Rizea, 2013) where they observe more neutrons on the side of the light fragment. They solve the TDSE to obtain 
the angular distribution of neutrons. The significant difference is that they use more realistic initial distribution of 
scission neutrons. Deformation of the fragments is taken account in their study, while the motion of the fragments is 
not taken account. In Fig. 1, we also show the result for the case we take account of the re-absorption of the neutrons 
with a dashed line. It is seen that the yields around 0 and 180 degrees are reduced significantly, which is in 
agreement with a naive expectation.  
Fig. 1. Calculated angular distribution of scission neutrons 
Next, we investigate the angular distribution of scission protons for the same cases as Fig. 1. The results are 
shown in Fig. 2; the solid curve denotes the result for the asymmetric fission with W0 = 0 (no absorption) case, the 
dashed curve denotes the one with W0 = −1 MeV, and the dot-dashed curve denotes the result for the symmetric 
fission with W0 = 0 case. As we can see, the attractive nuclear interaction enhances the yields around 0 and 180 
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degrees. When we take account of the absorption, the yields around the fragment axis decrease significantly. These 
behaviors are essentially the same as in the case of scission neutrons. The difference between neutron and proton 
appears when we compare the results more closely in the angular range between 60 and 120 degrees, in particular, 
for the case of asymmetric fission. In the case of scission neutrons, the angular distribution is shifted toward the 
heavy fragment side because of the larger radius of the attractive potential. On the other hand, in the case of scission 
protons, the angular distribution in this angular range shifted toward the light fragment side. This is because of the 
stronger Coulomb repulsion from the heavy fragment. It should be noted also that the angular distribution in this 
range does not change much even when we take account of the absorption.  
Fig. 2. Calculated angular distribution of scission protons  
Now we see the effect of the Coulomb field mainly manifests itself in the angular range between 60 and 120 
degrees. We next examine how strong it is in comparison with the nuclear interaction. In the left panel of Fig. 3, we 
show the angular distribution of the scission protons for symmetric fission. When we consider only the Coulomb 
field of the fragments, namely, V0 = W0 = 0, we clearly see the focusing effect; all the emitted protons would be 
observed between 60 and 120 degrees as is shown with the dashed curve. On the other hand, when we take account 
of the attractive nuclear interaction, V0 = −40 MeV, we get large yields along the fragment axis as is shown with the 
solid curve in the same panel. In this sense, for protons, the effect of nuclear attraction is more significant than that 
of the Coulomb interaction. Next, in the right panel of Fig. 3, we demonstrate the angular distribution of the scission 
particles for three cases: neutrons (z = 0, dashed curve), protons (z = 1, solid curve), and imaginary z = 2 particles 
with the same mass as proton (dot-dashed curve). The nuclear interaction is taken to be the same for all three cases. 
As one can see, the yields in the range between 60 and 120 degrees increase as the charge of the particle becomes 
larger. When we see it more closely, the peak around 90 degrees becomes sharper as the charge of the particle 
becomes larger. However, even when we double the strength of the Coulomb interaction (z = 2), the effect of 
nuclear attraction is more prominent. If we assume a strong re-absorption of the emitted particles, the yields around 
0 and 180 degrees may be reduced significantly. Note that the details of the angular distribution depends on the 
initial distribution of the emitted particles.  
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Fig. 3. (left panel) Comparison of the angular distribution of scission protons: pure Coulomb case (dashed line) and Coulomb + nuclear case 
(solid line); (right panel) Comparison of the angular distribution of scission particles with different charge: z = 0, neutron case (dashed line),   
z = 1, proton case (solid line), z = 2 case (dot-dashed line) 
4. Summary 
The effects of the scattering and re-absorption by the fission fragments on the angular distribution of scission 
particles have been investigated in the framework of the time-dependent Schrödinger equation. The effects of the 
fragments are taken account in terms of the nuclear optical potentials and the Coulomb field. We solve the time-
dependent Schrödinger equation of the emitted particle and the angular distribution is calculated by counting the 
outgoing flux. It has been demonstrated that the attractive nuclear potential enhances the yields around 0 and 180 
degrees, while the absorptive potential diminishes them. In the asymmetric fission, the heavy fragment which is 
larger in size causes stronger effect to the angular distribution for both cases of scission neutrons and scission 
protons.  In the case of protons, the Coulomb field of the fragments modifies the angular distribution significantly, 
however the effect of the nuclear interaction is found to be stronger. For more quantitative predictions, realistic 
initial distribution of the scission particle is necessary.  
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